Results from in vitro selection experiments can be used to construct and test models for the evolution of the RNA world. Surprisingly, the success of selected RNAs at binding ligands and catalyzing reactions may make it difficult to determine precisely the lineage of molecular fossils, molecules that are believed to have survived from the RNA world to the present.
Introduction
The discovery of catalytic RNA has dramatically shaped speculations about the origin of life and the evolution of metabolism. The primordial 'chicken and egg' conundrum -which came first, informational polynucleotides or functional polypeptides? -was obviated by the simple but elegant compaction of both genetic information and catalytic function into the same molecule. Moreover, the chemical complexity of catalytic RNAs (ribozymes) led to speculations that the biochemistry of the earliest organisms may have been a consequence of the shapes and functions that nucleic acids could assume. In the most intricate scenarios, the earliest RNA replicators may have directly emerged from the 'prebiotic soup' and subsequently evolved to become an 'RNA world' [1] , in which primordial biochemistry and metabolism mirrored that found in modern life [2] .
The conceptual revolution in our understanding of nucleic acid evolution has been paralleled by an equally profound technical revolution. Techniques such as DNA sequencing, in vitro transcription and the polymerase chain reaction have made it possible to manipulate and characterize nucleic acid sequences almost completely ex vivo. In turn, the principles that govern the natural selection of organisms can now be applied to molecules in a test tube: a pool of heritably variable nucleic acid molecules can be prepared and sieved for sequences that confer an improved phenotype, these phenotypes can be allowed to compete among themselves, and the survivors can be preferentially amplified. Although the notion of in vitro selection is sometimes claimed to have itself arisen de novo [3] , it is a logical and obvious consequence of a body of research into molecular evolution [4, 5] : it was the available techniques that advanced to the point where old ideas became more experimentally accessible.
Models for molecular evolution
The intersection of the discovery of ribozymes with the development of techniques for nucleic acid amplification allowed models of molecular evolution to be recapitulated in a test tube. As extant catalytic RNAs are either analogous to, or descended from, early ribozymes, many of the ideas advanced under the general aegis of the 'RNA world' hypothesis can be subjected to experimental tests. Both the data gathered and their interpretation can be scrutinized to determine whether a particular aspect of a particular model for the RNA world might have occurred, or whether an alternative scenario was more likely. But although the data garnered from in vitro selection experiments can be used to guide model-building, care must still be taken to ensure that the models themselves are compatible with other facts and logically self-consistent.
As a guide to how primordial molecular biology can potentially be modelled by experiment and inference, we will examine three claims that have been advanced regarding different aspects of the 'RNA world' hypothesis: that RNA catalysts can be functionally diverse, that the origin of the genetic code may lie in amino acid-RNA interactions, and that the evolution of the translation apparatus and other functional RNAs could have been guided by interactions with low molecular weight effectors. By comparing and contrasting how evidence is used to support or contradict these claims, it should be possible to gain an understanding of the value and limitations of using artificial evolutionary experiments today to describe natural evolutionary processes that may have occurred in the past.
The RNA world and the diversity of RNA catalysts
In order to establish a common ground for discussion, a generalized view of the RNA world is shown in Figure 1 . In this model, the earliest self-replicating nucleic acidswhether RNA, DNA or some analogous polymerwere elaborated into all-RNA genomes and catalysts. The survival of virtually any self-replicating system is dependent on avoiding dissipation by diffusion, and it is expected that cellularization was one of the earliest phenotypic properties of a ribo-organism. DNA was found to be a superior macromolecule for storing genetic information, and proteins were a fortuitous side-product of a complex ribozyme that could catalyze templatedirected peptide-bond formation. The invention of the translation apparatus was likely to have been a cataclysmic event that allowed superior protein catalysts to displace biochemically complex, but less efficient, ribozymes. Most of these evolutionary events occurred long before the last common ancestor of modern life, the progenote, gave rise to the three modern domains (eubacteria, archaebacteria, and eukaryotes). Some vestiges of RNA's former greatness can, however, still be found in (catalytically competent?) ribosomal RNA and its attendant transfer RNAs, the nucleotide 'signatures' of ubiquitous cofactors such as NAD and ATP, and perhaps in idiosyncratic molecular fossils such as the group I self-splicing intron.
This scenario makes a strong prediction regarding the catalytic functions that can be assumed by ribozymes. For example, if NAD is a 'ribo-cofactor' descended from the RNA world, then it should be possible for at least some RNA sequences to act as dehydrogenases [6] . Similarly, the fact that the cellular currency for energy, ATP, is a nucleotide suggests that there may have been enzymes such as ribo-kinases. In fact, the RNA world hypothesis necessarily assumes the existence of a wide variety of ribozymes, with functions that would have spanned the biochemical reactions of intermediary metabolism. If these catalytic functions were assumed by ribozymes in the past, then it should be possible to recreate such ribozymes in the present. This prediction has been made implicitly or explicitly by a number of authors, both prior to, and following, the actual discovery of catalytic RNA [2, [7] [8] [9] [10] [11] [12] .
In accord with these predictions, in vitro selection has been used to generate a wide variety of new ribozymes. Two types of selection procedure have yielded catalysts. Indirect selection is similar to the protocols originally used to isolate catalytic antibodies. Prudent et al. [13] selected RNA molecules that can bind to a bridged biphenyl analogue of the transition state of an isomerization reaction. The binding species were found to be ribozymes able to catalyze the isomerization of substrates chemically similar to the analogue. Direct selection requires that active RNA molecules in a pool alter themselves during the selection process in such a way as to allow their isolation. For example, Bartel and Szostak [14] were able to select RNA molecules able to ligate a primer sequence onto themselves from a random sequence pool. Conversely, Pan and Uhlenbeck [15] selected ribozymes that can use a lead cofactor to cleave themselves.
Lorsch and Szostak [16] forged a link between cofactorbinding and catalysis by selecting ribo-kinases that can phosphorylate themselves from a pool of RNA molecules in which a randomly varied sequence was placed next to a previously selected binding site for ATP. The REVIEW 1019 selection of binding sites for redox cofactors similarly opens the way to the selection of ribo-dehydrogenases or ribo-oxidases [17, 18] . Finally, direct selection for a ribozyme that can catalyze a reaction that did not involve a phosphodiester bond rearrangement has recently been carried out by Wilson and Szostak [19] . These authors identified ribozymes that can biotinylate themselves, an alkylation reaction akin to those carried out by methyl transferases throughout metabolism.
If at least some ribozymes were cobbled together from random sequences during early evolution, then new functions might have been quickly acquired by mutational walks. Again, in vitro selection experiments give credence to this idea. In particular, Joyce and his coworkers have evolved the group I self-splicing intron to perform reactions other than self-splicing, including DNA cleavage [20] [21] [22] and RNA cleavage with calcium [23] . Indeed, ribozymes that have evolved to catalyze one reaction might intrinsically harbor the catalytic machinery to carry out heterologous reactions. The group I selfsplicing intron has been shown to catalyze ester (as opposed to phosphodiester) hydrolysis [24] , and the variant evolved to catalyze DNA cleavage has been shown also to hydrolyze amide bonds [25] .
Amino acid-RNA interactions and the origin of the genetic code
In the genetic code, the assignment of triplet codons to particular amino acids is clearly non-random, yet the logic or formula that could account for the standard arrangement found in most organisms remains unknown. Although it is possible that the genetic code is a 'frozen accident' [7] , its basic importance has driven various authors to devise schemes that posit rational linkages between genetic information and amino-acid functionality. Perhaps the most beguiling of these hypotheses is the idea that genetic information does not just code for, but somehow begets, amino-acid functionality [26, 27] . For example, it has been proposed that amino acids may have directly associated with their cognate triplet codons or anticodons [28, 29] .
Once again, support for this hypothesis may be found in the minutiae of biochemistry. The group I self-splicing intron can interact specifically with a guanosine cofactor. Yarus has shown that arginine can competitively inhibit guanosine-binding to group I self-splicing introns [30] , and notes that the primary sequence of the guanosinebinding site contains several trinucleotide tracts that could be read as arginine codons [31] . This was interpreted to be evidence in favor of the 'direct association' hypothesis, as opposed to being just a fortuitous cross-reaction based on structural similarities between the aptly named guanosine and the guanidino group of arginine (Fig. 2) .
The generality of the amino-acid association observed with the group I self-splicing intron can be readily assessed using in vitro selection. RNA molecules that can specifically bind to arginine -'aptamers' -were iteratively sieved from a completely random sequence pool [32] . Aptamer sequences were determined and argininebinding sites mapped. The results obtained appeared to be in accord with those observed for the group I intron. One of the predominant aptamers did contain arginine codons that overlapped with the arginine-binding site.
The ability of arginine to associate with RNA molecules motivated Yarus [33, 34] to propose a model for the origin of the genetic code (Fig. 3) . The model proposes that guanosine-binding sites, such as those found in the group I intron, were originally selected for during the evolution of self-repli&tion. The structural similarities between guanosine and arginine allowed this amino acid to bind near the active site of a ribozyme. This ribozyme may have been able to use arginine as a substrate, catalyzing its activation and then the aminoacylation of the ribozyme by the activated arginine. The arginine codon or anticodon (or both) would have been a key feature of the binding site of the newly evolved tRNA synthetase-like ribozyme. Other tRNA synthetase-like ribozymes would have evolved with their own coded interactions with amino acids. As proteins displaced the RNA world, the ribozymes might have faded, but the code would have remained. Aspects of this model are supported by results from in vitro selection experiments. The aptamers selected to bind arginine were found also to bind guanosine. Aptamers selected to bind both arginine and guanosine were found to contain some arginine codons [35] . An RNA arginine-binding motifs gave rise to a tRNA synthetaselike ribozyme, there are also multiple other ways to bind arginine that do not necessarily involve arginine codons (or anticodons). For example, Famulok [37] has selected arginine-binding motifs that are not obviously dependent on arginine codons or anticodons. More importantly, the amino-acid specificity of these aptamers can be altered (to citrulline) by substitutions at three residues, yet these residues are not part of a single arginine codon or anticodon or codon-anticodon interaction. Moreover, there is no indication from selection experiments that targeted arginine-rich motifs on proteins [38] , or other amino acids such as tryptophan [39] or valine [40] , that there is any particular correspondence between selected motifs and cognate codons or anticodons. If anything, selection experiments seem to indicate that there are a huge number of possible binding motifs for a given amino acid. Given the large number of possibilities, it may be impossible to prove or disprove any particular model for the evolution of the genetic code. If the evolutionary 'film' were to be run again, an entirely different, but equally determined, genetic code might be equally likely to emerge. Fig. 3 . Model for the evolution of the translation apparatus and the origin of the genetic code. This figure summarizes many of the speculations put forth by Yarus and his co-workers [30, 31, 33, 34] . Primordial replicases may have contained binding sites for nucleotides such as guanosine (G) or adenosine (A). These binding sites may have fortuitously also been able to bind some amino acids, and could have served as 'proto-codons'. The ability of the guanosine-binding site of the Tetrahymena intron also to bind arginine (R) is typically used as an example. Adjacent binding of amino acid and nucleotide cofactors (A) could have resulted in the formation of activated amino acids, such as amino acid adenylates. Activated amino acids could in turn have reacted with terminal (or internal) hydroxyls of the RNAs that held them. If these compounds or events imparted function or phenotype to a ribo-organism, the stage would have been set for the invention of translation. The tRNA molecules seen in modern organisms can thus be viewed as molecular fossils of ancient amino-acid-binding sites. The amazing consistency of modern tRNA structures stands in stark contrast to the apparent sequence and structural plasticity of selected aminoacid-binding sites, and is not addressed by this model. molecule that can catalyze an aminoacyl-RNA-synthetase-like reaction using activated amino acids was selected from a random sequence RNA pool. This demonstrates the plausibility of the suggestion that ribozymes with such catalytic activity may have existed in the RNA world [36] . Taken together, these results affirm the plausibility of the 'direct association' hypothesis and models for the subsequent evolution of the genetic code.
Antibiotics and the evolution of translation
Results from a similar number of selection experiments, however, contradict these hypotheses and models. While it is conceivable that one or more of the guanosine/ Antibiotics are known to bind to, and disrupt the function of, ribosomal RNA. Conventionally, it was believed that such interactions are due more to the structure of the antibiotic than to the structure of the RNA. In this view, antibiotics are compounds that were carefully crafted for microbiological warfare and enhanced the survival of the species that produced them. Julian Davies [41, 42] , however, has postulated that ribosomal RNA may be predisposed to interact with antibiotic inhibitors because of historical constraints. For example, if ribosomes were once regulated by small organic molecules (so-called lowmolecular-weight effectors or LMEs) then the binding sites for these molecules may have been conserved through the course of evolution, waiting to be exploited by the combinatorial chemistry programs of bacteria.
More recently, it has been shown that antibiotics can bind to, and inhibit, other functional RNAs, such as the group I self-splicing intron and the hammerhead ribozyme [43, 44] . These results have led Renee Schroeder and co-workers [45] to speculate that the active centers of functional RNAs may form binding pockets that have similar shapes or functions. In turn, if the ribosome and the group I intron have similar LME-binding sites, then they may also share a common ancestry [45, 46] . This novel hypothesis suggests that antibiotics can be used as structural and functional probes to indicate relatedness, much as antibodies were used to examine homologous protein epitopes before the advent of phylogenetic sequence analysis. Measuring the relatedness between molecules such as ribosomal RNA and the group I intron with a structural probe might be the only way by which their ancestry could be confirmed, as these functional RNAs are unrelated in primary and secondary structure.
Several groups have now carried out in vitro selection experiments that target aminoglycoside antibiotics. Wang and Rando [48] and Lato et al. [49] both find that even limited sieving of random sequence pools can produce a multitude of aptamers with moderate affinity (Kd < 10 tIM) and specificity for a given aminoglycoside. As has been shown for other targets, more extensive selection results in the isolation of a limited number of high-affinity (Kd < 1 FM) binding species. Even the moderate-affinity aptamers can bind aminoglycosides as well as ribosomal RNA and the group I self-splicing intron can, and they can similarly discriminate between related aminoglycosides. The conjectures of Davies and Schroeder are particularly intriguing because they tie together a variety of disparate facts about functional RNAs and could validate the lineal descent of modern organisms from ancient sequences. The hypotheses must, however, be weighed against the null hypothesis -that antibiotic-binding sites on different RNAs are the result of chance rather than history. This alternative is consistent with the fact that highaffinity antibiotic-binding sites can be found on RNAs that are probably not descended from primordial sequences, such as the Rev-binding element of human immunodeficiency virus 1 [47] .
In vitro selection can be used to assess the likelihood of the historical/LME hypothesis by assessing the likelihood of its converse: the null (or 'stochastic') hypothesis (Fig.  4) . If it is relatively difficult to find antibiotic-binding sequences in a random sequence pool, then those antibiotic-binding sites that are identified in nature may be due to common descent. If it is relatively easy to isolate antibiotic-binding sequences, then there is no reason to assume that binding sites that are otherwise unrelated share a common ancestor.
These results suggest that natural aminoglycoside-binding sites are far from unique, but are likely to be a subset of a diverse universe of functionally related RNAs. However, this result does not in itself necessarily invalidate the LME hypothesis. For example, if there were distinguishing characteristics that allowed aminoglycoside-binding aptamers to be parsed into classes, such as common primary or secondary structural signatures, then it might still be possible to show that natural binding sites are somehow distinct from the plethora of unnatural binding sites. Recently, Schroeder and her co-workers [50] have identified RNA motifs that can bind to neomycin, and suggest that these motifs may contain a common (but not unique) secondary structural feature -a widened major groove.
Comparisons and conclusions
The three examples examined above are purposefully ordered in terms of chronology, specificity and implausibility. This correspondence is not accidental: overall, the main conclusion that can be drawn from in vitro selection experiments is that the total number of potential binding motifs and catalysts is gargantuan. Therefore, while it is safe to speculate on the acquisition of a particular function or event (such as ribo-kinases or cellularization), the very plurality of sequence and function may make it impossible to prove the origins of a particular sequence (the genetic code) or structure (the antibiotic-binding site of the ribosome).
If this is the case, then it is not merely the information within the genetic code that is a frozen accident of biology, but perhaps all remnants of the inferred RNA world. Cofactors, transfer RNAs and the ribosome might all have turned out significantly different than the versions we are familiar with, and deterministic attempts to reconcile their sequences or structures with one another or with other molecular traits, such as self-splicing introns, become all the more difficult. Paradoxically, examination of the precise nature of our origins may be thwarted by the same factors that originally led to the success of the RNA world.
